The organic conituents of exiled human breath are representative of bloodborne concentratons through gas exchange in the blood/breath interface in the lungs. The presence of specific compounds can be an indicator of recent exposure or represent a biological response of the subject. For volatile organic compounds, sampling analysis of breath is preferred to direct measurement from blood samples because breath collection is noninvasive, potentially infectious waste is avoided, the sample supply is essentially limidtess, and the measurement ofgas-phase analytes is much simpler in a gas matrix rather than in a complex biological tissue such as blood.
The organic conituents of exiled human breath are representative of bloodborne concentratons through gas exchange in the blood/breath interface in the lungs. The presence of specific compounds can be an indicator of recent exposure or represent a biological response of the subject. For volatile organic compounds, sampling analysis of breath is preferred to direct measurement from blood samples because breath collection is noninvasive, potentially infectious waste is avoided, the sample supply is essentially limidtess, and the measurement ofgas-phase analytes is much simpler in a gas matrix rather than in a complex biological tissue such as blood.
However, to ase the distribution of a contaminant in the body require a reasonable timate of the blood level. We have in ated the use of noninvasive breath measurements as a surrogate for blood measurements for (high) occupational levels of trichloroethene in a controlled exposure experiment. Subjects were placed in an eosure chamber for 24 hr; they were exposed to 100 parts per million by volume trichloroethene for the initial 4 hr and to purified air for the remaining 20 hr. Matched breath and blood samples were collected periodically during the experiment.
We modeled the resulting concentration data with respect to their time course and asessed the blood/breath relationship during the exposure (uptake) period and during the postexposure (elimination) period. Estimates for a blood levels, comprtmental distribution, and time constants were calculated from breath data and compared to direct blood measurements to assess the validity of the breath meument methodology. Blood/breath partition coefficients were studied during both uptake and elimination. At equilibrium conditions at the end of the exposure, we could predict actual blood levels using breath elimination curve calculations and a literature value partition coefficient with a mean ratio of calculated:measured of 0.98 and standard error (SE) m 0.12 across all subjects. blood/breath comp at equilibrium resulted in calculated in vivo partidion coefficients with a mean of 10.8 and SE -0.60 across all subjects and eperiments and 9.69 with SE m 0.93 for eimination-only experiments. We found that about 78% of trichloroethene enterng the body during inhalation exposure is metabolized, stored, or excreted though routes other than exhalation. Key work& blood/breath measurement, breath sampling partition coefficients, time connts, trichloroethene, uptake and elimination models. Environ Healb Perspect 106:573-580 (1998). [Online 12 August 1998] http.//eptlt.nieXbs.nibgov/docss/998/106p573-580pleiI/abstr ctrbml The occupational or environmental exposure to organic compounds is a potential source of adverse acute or chronic health effects. To assess and quantify the degree of an exposure requires both environmental monitoring of the subject's surroundings and biological monitoring of the subject's bodily systems to assure that all routes of exposure are represented. In the medical community, the direct measurement of various substances and biomarkers in the blood is one of the primary diagnostic tools in current use. Thus, the presence of specific xenobiotic compounds in a human subject's blood is considered to unambiguously confirm a recent exposure (or biological response) to (14) (15) (16) (17) .
In this work we tested the hypothesis that exhaled breath analysis is comparable to venous blood analysis in assessing the time course of trichloroethene concentration resulting from a controlled inhalation exposure. Specifically, pairs of human subjects spent 24 hr in a "live-in" chamber, the first 4 hr of which they were exposed to 100 parts per million by volume (ppmv) trichloroethene, and the remaining time they were exposed to pure air. Venous blood samples and single alveolar breath samples were collected in matched pairs from each subject during the exposure (uptake) and postexposure (elimination) periods. Real-time monitoring of the chamber air provided confirmation of the trichloroethene concentration during the exposure and its absence during the elimination phase. This work was part of a larger study that included cognitive testing, real-time physiological monitoring for stress and biological functions, and blood and urine metabolites measurements.
Experimental Methods
Blood sampling and analysis. Blood samples were collected and analyzed according to methodology as specified by a standard operating procedure (18) Breath sampling and analysis. The SBC sampling apparatus consists of an evacuated 1-liter canister fitted with a small Teflon tube used as a mouthpiece. As the subject dosed her lips on the tube and exhaled, she opened the canister valve and the breath was collected, filling the evacuated volume. The subject was instructed to begin sample collection at the "bottom" (or end) of a normal resting tidal breath to achieve an alveolar sample so that the tracheal dead volume was expelled well before the canister sample valve was opened. A detailed description of this procedure and an investigation of the alveolar nature of an SBC sample in contrast to other techniques is available (12) .
Though subsequent laboratory analysis can be performed with any of a variety of GC-MS methods for air, for our purposes here, the standard EPA Method TO-14 (19) samples were successfully collected from 3 male and 3 female subjects (see Table 1 ).
Medical procedures were supervised by a board-certified, licensed physician, and invasive medical procedures were performed by licensed medical personnel. For safety and additional experimental data, subjects were constantly monitored by electrocardiograph, for blood pressure, and for thoracic electrical impedance. Because of the small number of subjects studied, no attempt was made to investigate effects dependent on physiological parameters or sex.
Exposure chamber and sampling logistics. A male-female pair of subjects was studied in each of three exposure experiments. Prior to entering the exposure chamber, subjects were fitted with venous catheters and trained to self-administer breath samples. Preexposure blood and breath samples were then collected. Subjects were seated in the exposure chamber and fitted with free flowing respirators to breathe hospital-grade air while the chamber concentration was adjusted to 100 ppmv trichloroethene. At a signal from the study coordinator, the subject removed the mask and the exposure period was started. This was designated as experiment time (texp = -240 min); the end of the exposure (and start of the elimination period ) is thus designated as texp = 0 min for data graphing and analysis purposes. To avoid logistical problems for blood sampling, the two subjects' time schedules were staggered by 5 min.
During the exposure period, paired blood and breath samples were collected as closely as possible to -240, -210, -180, -120, -60, and 0 min. When possible, an additional breath sample was collected at time = + 1 min. At time = 0, the subjects put on their masks and began breathing hospital-grade (dean) air to begin the elimination period; masks were removed at about 10 min after the chamber had been flushed with clean air and a trichloroethene-free baseline had been established. Blood and breath sample pairs were collected as closely as possible to 15, 30, 60, 120, 240, 360, 480, and 600 min. For some subjects, we collected additional breath samples at 2, 3, 5, and 12 min and also collected additional blood and breath sample pairs at 720, 840, and 2,640 min. The subjects were required (20) .
The time-course data of blood and breath concentrations were modeled separately for the uptake and the elimination periods. During the exposure, the model takes the form (1) where C(t) is the breath or blood concentration at time t (note that the independent variable t = tep -240), fCair is a factor proportional to the exposure concentration (Cair) where f is the ratio of expired to inspired concentration at equilibrium, Ai is a constant indicating the capacity of the ith compartment (for this form of the equation XAi = 1), and kiis the time constant of the ith compartment's uptake rate. When Equation 1 is applied to blood data, the term Cair is actually a composite parameter that includes an adjustment for the effective transfer of the gas phase to the blood (the blood/breath partition coefficient 1) that accounts for Henry's law. For this work we express concentration units in micrograms per liter and time in minutes. We can extract the value forf from empirically determined uptake data from f= C(t =°o) / (Cair X Ai). (2) During the elimination period, starting with t = tex = 0, the concentration decay takes the form: C(t) = fCair + 1 Aie(-kit), (3) where the definitions are similar to those for Equation 1; however, the modeled parameters Ai and ki refer to elimination kinetics and are not necessarily the same values as their uptake counterparts. The design of the experiment sets the parameter for inspired air during the elimination period to zero (fCair = 0).
For the uptake portion of the experiments, the maximum blood and breath values can be estimated by evaluating the respective optimized model functions at t = 240 (the end of the exposure period); approaching from the opposite time direction, the modeled elimination curves can be evaluated at t = t = 0 to get an estimate of the maximum values. The half-life of the compound in each compartment (t112A) is equal to (ln 2)/k2. The first compartment is generally associated with the blood, the second with highly perfused tissues, the third with lesser perfused tissues, etc. The models were created by using GraphPad Prism (GraphPad Software, Inc., San Diego, CA), a nonlinear modeling program. Initial model input parameters were estimated using standard curve stripping procedures. Optimal models were selected based on minimization of standard error (SE) and 95% confidence intervals; appropriate (20) .
Results and Discussion
Data ranges. Measurement of VOCs in a complex matrix such as blood is extremely difficult; the limiting factor for these experiments was the sensitivity of the blood analyses with a limit of quantitation (LOQ) of 100 pg/l. The trichloroethene in breath was easily quantified below 1 jig/l, although the experiment did not require that level of sensitivity. Overall, the relevant data range for blood samples was 100-1,600 pg/I and <1-150 pg/I for breath samples.
Modeled parameters. With the given data density and behavior, the uptake models were convergent for only a single compartment. In retrospect, we realized that an overall higher data density, especially during the first 15 min of exposure, would have (presumably) allowed a more precise multicompartmental model. Similarly, the elimination models for blood measurements were sufficient for only a two-compartment behavior, as the LOQ was quickly reached. The breath elimination curves were appropriately modeled with three compartments. Calculated model parameters for all trials are presented in Table 2 . Regardless of the compartmental limitations, the modeling efforts were successful for comparing blood and breath data because the uptake curves tended to saturate during the 4-hr exposure period, and we had adequate data in the elimination phase to get excellent first compartmental fits for individual subjects. For illustration, we present a set of graphs of measurement and model for Subject 210 of uptake and elimination for both blood and breath in Figure 1A -D. Despite the individual differences among the six subjects, we see that, overall, the time dependence for inhalation uptake and that for elimination of trichloroethene are fairly similar from a cursory inspection of parameter means and SEs given in Table 2 .
Breath and blood time constants. From the model parameters in Table 2 and inspection of Figure 1, of f for all subjects using breath data was 0.219 ± 0.013, and using converted blood data it was 0.225 ± 0.021. These data show that the subjects metabolized, eliminated through nonexhalation routes, or stored about 78% of the inspired trichloroethene; that using blood or breath data gave equivalent results; and that the interindividual differences are small. Our value for f the expired:inspired ratio measured at the high level exposure of 100 ppmv, is identical to the value found by Wallace et al. (21) for exposures at 10 ppbv. Peak blood levels. Another biological parameter for which breath can be used as a surrogate for blood measurement is the estimation of peak blood level at the end of an exposure. Although an individual breath measurement at the end of the exposure (multiplied by an accepted blood/breath partition coefficient) could conceivably yield a very rough estimate, using the complete curves, and thus multiple data points, provides a more powerful estimate. Given the uptake and elimination equations as tabulated by parameter in Table 2 , we evaluated all equations at t = 0, the time at the end of the exposure trom both directions; the results are given in Table 3 . The blood equations yield fairly consistent estimated peak blood values, with respective means and SEs of the estimate: 1,437 ± 110 pg/l for uptake and 1,487 ± 154 pg/1 for elimination. The breath estimates for peak levels have noticeable bias depending upon which set of equations is used: 119 ± 7.2 jig/l for uptake and 153 ± 14 pg/l for elimination. In using two-tailed paired t-tests, blood estimate means are not significantly different (p<0.05), whereas breath estimates are significantly different (p<O.05). This difference may be due to experimental factors; the elimination model depends greatly on a precisely defined time = 0 and upon the ability to collect simultaneous blood and breath samples, both of which are sometimes difficult to achieve logistically. Another potential source of difference may be that the fCair term of Equation 1 is not actually a constant throughout rapid change. Certainly the concentration of trichloroethene in the blood just passing through the alveoli at time = 0 will be affected much more rapidly than in blood elsewhere in the body and thus strongly alter the associated breath levels. This would explain the stability of the blood-based estimates across the time = 0 boundary because blood samples are taken from a vein in the arm after some mixing in the body.
Under realistic conditions, we would have access to the subjects only during the elimination period because, presumably, they are busy working during an occupational (22) and others to mean the ratio of the measured blood concentration to the measured breath concentration; we do not presume to distinguish between venous and arterial blood or to present a more theoretical approach involving cardiac output and alveolar ventilation rate. For each subject, we predicted the peak blood level from the elimination breath data by using the value 9.2 as the blood/breath coefficient and compared these results to the actual blood value as derived from the elimination period blood measurements. Table 4 presents the respective values, differences, and statistics. The average value of the predicted:measured is 0.98 ± 0.12 (SE). A twotailed paired t-test shows that the means are not significantly different for p<0.05. Thus we see that blood peak levels can be well predicted from breath data and, again, that individual differences between individuals have a relatively small effect.
Calkuted blood/breath parition coeficients. Although there is appreciable scatter in all of our empirical data, we found that for the time near the break between exposure and elimination periods when the venous and arterial blood are essentially in equilibrium, we could predict blood values from breath measurements using an accepted literature value for the blood/breath partition coefficient. Using the empirically based model equations for each individual, we calculated the apparent blood/breath partition coefficient at the condusion of the 4-hr exposure for both the uptake and elimination period data. This is the most crucial time in a nondecreasing exposure because it reflects both the highest concentrations and the most stable (closest to equilibrium) portion of the experiment. The data for each individual's partition coefficients at this critical time are given in Table 3 for all data sets. Our calculated partition coefficient at experiment time = 0 for all trials ranges from 6 to 14, with an overall mean of 10.8, which is in essential agreement with the range of literature values. Using the elimination only data set, the mean ±SE = 9.69 ± 0.93.
When calculated for different instances during the experiment, the blood/breath ratio is reasonably consistent during the uptake period; however, it becomes erratic and appreciably higher during the elimination period. This puzzling behavior is illustrated in Figure 2 , where we have plotted series of data points synthetically generated from the models for all subjects. Instability in the partition coefficient during changing concentrations in the elimination period has been noted by Wallace et al. (21) in their study of various VOCs and by Buckley et al. (27) in their study of MTBE exposure, where they attribute this behavior to a hypothetical mucous compartment. In our case, we suspect that we are experiencing a timing difference; the breath is reflecting arterial blood, whereas the blood measurement is being made from the slower changing venous blood. We expect that the venous blood would have a higher concentration than the arterial blood during elimination because, as the fastest compartment, it collects trichloroethene from the slower tissue groups and delivers it to the lungs. Therefore, in the nonequilibrium elimination phase, we would expect the partition coefficient to increase, at least temporarily. Another consideration is that the LOQ for blood measurements did not allow a strong modeling effort for a third Environmental Health Perspectives * Volume 106, Number 9, September 1998 compartment, and therefore the eliminatwo curves in Figure 2 exhibiting a signifition phase models suffered somewhat in cant decrease are from Subjects 110 and describing the behavior. Finally, intersub-210; one is a 65 in tall, 139-lb female and ject differences may also be driven by comthe other a 70 in tall, 134-lb male. Secondly, petitive elimination process rates.
study of blood/breath ratio versus blood The intersubject differences in the mea-concentration separately for the uptake and sured blood/breath ratio during the eliminaelimination periods indicates that there is a tion cannot be attributed to the physiognodefinite trend towards greater variability and my of subjects or to the relatively limited higher absolute value for the elimination sensitivity of the blood measurement. The period. Figure 3 Experiment time (min) Figure 2 . Illustration of the pattern of the blood/breath partition coefficient as calculated for all subjects from the respective uptake and elimination models. During the uptake phase, when experiment time is <0, the calculated partition coefficient is relatively stable; during the elimination phase, the measured coefficient becomes erratic. and regression lines for that region where the blood concentrations overlap.
Blood versus breath data relationship. The overall blood versus breath relationship for all individual data point pairs is graphed as simple linear regressions in Figure 4A and B for the uptake and elimination phases for illustration. We note that the blood/breath regression slope for uptake is appreciably different from that for elimination (10.93 vs. 29.00, respectively). Although the data exhibit appreciable scatter, the slopes are significantly nonzero (p<0.0001). Similar regressions for individual subjects exhibit a tighter linear relationship, which suggests that there are definite differences between test subjects at times of changing concentration. However, the qualitative behavior of the venous blood and exhaled breath measurements, as illustrated in Figure 1 , is very similar and the blood/breath partition coefficients extracted by using modeled curves evaluated at tap = 0 in Table 3 predict peak blood levels from breath data after a nondecreasing exposure. This is an 'breath partition coefficient for the uptake and the important pragmatic conclusion for exponcentration in the range where these periods oversure assessment because the noninvasive not be attributed to a blood measurement problem. breath measurement after an exposure becomes a surrogate for the invasive blood
Volume 106, Number 9, September 1998 * Environmental Health Perspectives 578 measurement during the exposure. The results are most likely valid even for moderate activity during a prolonged exposure as long as the subject is at rest during the subsequent elimination period when the samples are taken. We conclude that the blood/breath partition coefficient value that we measured as the average value for all subjects and for both uptake and elimination phase extrapolations (10.8) is as accurate a value for high-level inhalation exposure for trichloroethene as is currently available. For predicting venous blood peak values from elimination only breath data, the appropriate coefficient is 9.69 to allow for blood mixing in the body.
Quantitative differences were found for measuring tissue compartment half-lives using blood and breath data. Changes in concentration occurred faster in breath than blood, typically by a factor of 10. We conclude that this is primarily attributable to the timing difference between the direct venous blood measurement and the breath measurement, which is more related to the arterial blood. Also, we found that the elimination phase blood/breath ratios were appreciably greater than those during the uptake phase, with the uptake value close to various published values. We conclude that this is due, in part, to the difference between venous and arterial blood, the experimental logistics of taking simultaneous samples, and the limiting factor of sensitivity in the blood measurement.
The anomalous behavior of the blood/ breath ratios during the elimination period, as shown in Figure 2 , appears to be a real phenomenon. This is confirmed by the data shown in Figure 3 , which shows no statistically significant concentration dependent trends in the overlap region with the uptake period. Also, the physical characteristics of the subjects are not apparently relevant.
Though this is admittedly based upon a small subject set, we conclude that individual measurements of blood/breath during the elimination period are highly variable among subjects for reasons most likely involving differences in relative elimination rates from breath with respect to other routes such as metabolism and storage.
This empirical measurement work points out some areas for future study. The relationships among venous blood, exhaled breath, and arterial blood concentrations of a distributed pollutant should be further investigated with refined experimental methods to eliminate as much measurement uncertainty as possible; in particular, the sensitivity of the blood measurement should be improved to allow for higher compartmental modeling. The information presented here should be considered in future pharmacokinetic modeling efforts, especially in regard to the unanticipated, yet fairly consistent jump in blood/breath ratio from 10 to 30 across the uptake to elimination boundary. Specifically, we recommend investigation into the effects of different levels of exposure, higher frequency sampling during the initial uptake and initial elimination periods, and a very detailed look at differences between individuals based upon physiological parameters. The following are critical questions that need to be answered to allow a better understanding of the internal biological processes from trichloroethene exposure: What does an empirically determined blood/breath partition coefficient actually mean when concentrations are changing rapidly? Why are there large differences between respective breath and blood time constants? Answers to these questions will require more measurements combined with a specific mathematical modeling effort that incorporates the empirical data. We concur with the philosophy of Blancato (28) Environmental Health Perspectives * Volume 106, Number 9, September 1998 579
